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Growth and sintering of Pd clusters on a-Al,03(0001)
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The growth and sintering of Pd nanoparticles @l ,05(0001) have been studied by noncontact
atomic force microscopy (NC-AFM), low-energy ion scattering spectroscopLEIS),
temperature-programmed desorpt{@®D) and x-ray photoelectron spectroscapPS). This is the

first study of metal nanopatrticles on a well-defined oxide surface where both NC-AFM and LEIS are
used for characterization. These prove to be a powerful combination in assessing particle
dimensions. The clean alumina surface showed atomically flat, 200—700 nm wide terraces. The
sharp step edges are straigivithin our resolution for lengths of>>300 nm and have heights in
multiples of 0.2 nm. The Pd grows initially as two-dimensiof@D) islands at 300 K, with the
transition to 3D particle growth at 0.25 MIML =monolayers Upon heating at 1 K/s, the Pd starts

to sinter below 400 K, and sinters at a nearly constant rate with increasing temperature, covering
~50% less of the alumina surface byl1000 K, with a doubling in particle diameter and an
eightfold decrease in particle number density. By1000 K, the number density was-9

X 10*/cm? for 0.8 ML of Pd, with an average diameter of 5 nm and an average thickness of 1
nm. © 2005 American Institute of PhysidDOI: 10.1063/1.1849151

I. INTRODUCTION faces have been reported. To our knowledge, there have been
no previous studies of this type in which the surface structure
Many catalysts for energy and/or environmental technolwas also characterized with a technique such as low-energy
ogy consist of transition metal nanoparticles immobilized onion scattering spectroscop.EIS) which probes only the
oxide supports. The activity and selectivity of these catalystsopmost atomic layer of the solid. Here, we apply NC-AFM
depend on metal particle size, and the increase in averag®lC—noncontagtand LEIS to study the growth and sinter-
particle size with time(i.e., sintering is a major industrial ing of Pd nanoparticles oa-Al,03(0001), and prove this to
problem. To fundamentally understand these phenomen@e a very powerful combination for such studies. Structural
many researchers have adopted a model catalyst approagfiormation from LEIS helps to overcome problems in mea-
whereby metal nanoparticles are supported on a singlesuring small particle sizes inherent to NC-AFM.
crystalline oxide surface. This allows for easier measurement  Palladium nanoclusters supported on alumina are cata-
and control of the cleanliness, size, number density, an¢sts for cleaner methane combustion, an industrially impor-
shape of the particles. Often, the oxide is in the form of antant reaction that reduces N@missions. These catalysts
ultrathin film grown on a metallic crystal, which allows scan- thus have been the subject of much study from both a prac-
ning tunneling microscopySTM) to be used to characterize tical and fundamental point of vielv!° This catalyst would
the nanoparticles, even with insulating oxides. However, it ifind much broader application if its long-term deactivation
often found that the supported metal diffuses through thevy sintering could be prevented. Fundamental studies of its
oxide and reacts with the underlying metallic crystal, whichsintering kinetics may yield ideas on how to prevent or slow
complicates sintering and reactivity studies. In these cases, tihe sintering of this and other oxide-supported metal nano-
is preferable to use a bulk single crystal of the oxide for thesgarticle catalysts. Also, a more complete understanding of
model catalysts, which however precludes use of STM if thehe sintering kinetics may lead to better short-term screening
oxide is an insulator, as is alumina. Thus, one is forced to ustests for predicting the long-term stability of new catalysts,
atomic force microscopyAFM) instead of STM, resulting in  and thus accelerate their development.
limitations of spatial resolution. Few AFM studies of clean In this paper, we present results of growth and sintering
metal nanoparticles on single-crystalline, insulator oxide surstudies of Pd clusters om-alumina, using temperature-
programmed low-energy ion scatteriigP-LEIS) and NC-
9Author to whom correspondence should be addressed; Fa0@ 616- AFM. TP-LEIS samples only the top layer of the surface and
6250; Electronic mail: campbell@chem.washington.edu is an ideal technique for determining the percentage of oxide
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surface covered by the metal. NC-AFM yields topographysuch as Ti@(110) and ZnO?*"*® Here, we have used NC-

information about the sample surface, providing local cluste’AFM to image Pd clusters sintered to different temperatures

size and number density data. Ultimately we plan to simulate@n the a-Al,05(0001) surface.

the sintering kinetics measured here with a new general Previous studies of Pd vapor deposition on alumina re-

model for sintering kinetics presented previouslio testthe ~ ported layer-by-layer growth using Auger electron

validity of that new model. spectroscopy or three-dimensional3D) island growth us-
There have been beautiful STM studies of Pd particlednd secondary ion mass spectromgf’ryg—ray photoelectron

on highly ordered thin films of A5 grown on NiA(110)  SPectroscopyXPS),™ and NC-AFM:

which provided superb measurements of particle size distri-

butions and number densities, even achieving atomic resolu-

tion on the particle$? However, these thin-film samples are ||. EXPERIMENT

unsuitable for sintering studies since the Pd atoms not only

sinter, but also diffuse at a comparable or even faster rate LEIS and AFM experiments were done in two different

through the oxide thin film and bind to the underlying ultrahigh vacuumUHV) chambers, both with base pressures

NiAl. 2 Therefore, we have chosen to use (660 surface in the low 10%° Torr range. For both types of experiments,

of bulk a-Al,O; for this study. The insulating properties Single crystala-Al,05(000) samples were obtained from

force use of an alternative microscopy that does not require ¢! Engineered Materials, Inc. and Alfa Aesar. These were

conducting sample, such as AFM. We operate the AFM ir]rlnsed with methanol, then annealed in @ir a clean, closed
noncontact modéfrequency modulatiold) since it is ex- alumina cruciblgat 1670 K for 15-24 h. After annealing, the

pected that in contact mode the AFM tip will move the Pd _cryst.als were cleaned ul.trasomcally for 10 min seyeral times
. . . P mild detergent, then in nanopure water, then in acetone,
particles, as has been observed in STM experiments of

articles on araphites and finally in methanol.
P on grapnite. The AFM experiments were done in an Omicron multi-
Alumina is a common support for metal catalysts and, az

| band nsul ) deal | hich robe surface science systef@micron Nanotechnology
a large band-gap insulator, is an ideal sample on which to te mbH) equipped with a variable temperature noncontact

the capabilities of NC-AFM. The-Al ;05 unit cell has hex-  4iqmic force microscope. The AFM chamber is connected to
agonally close packed layers of oxygen anions, with twoy preparation chamber equipped with a Pd doser, an oxygen
layers of aluminum cations between each oxygen layer alongak valve for annealing in £ and a water-cooled quartz
the [0001] direction. Thea-Al,O5(000) surface is termi-  crystal microbalancéQCM). The AFM chamber is also con-
nated by a single aluminum layéralf of the Al bilaye), but  nected to an analysis chamber with XPS and LEED capabili-
the terminating aluminum layer relaxes to be nearly coplanafies. For the NC-AFM experiments, sample heating to 1300
with the underlying oxygen layéP'” The surface structure K was accomplished by resistive heating of a Ti/Pt film de-
has been studied with high-resolution transmission electroposited on the back of the sample. Following the air anneal
microscopyf8 reflection electron microscoﬁfl, and low- and ultrasonic cleaning, the crystals were coated on one side
energy electron diffractioflLEED).1":20-2 with 30 nm Ti(as an adhesion layeand 120 nm Pt. Samples
Previous AFM studies of ther-alumina surface have were cut by a diamond scribe and ground with a diamond
shown that terrace size and step edge smoothness are gfinding wheel to fit the Omicron AFM sample holder, then
fected by annealing at high temperatures in“&if° Air-  cleaned again ultrasonically in the solvents mentioned previ-
annealing maintains thew-Al,05(000)-(1x 1) surface, Ously. Samples were cleanéu situ by annealing at 1000—
while vacuum annealing at high temperatures leads to a vak270 K in 5x 107 Torr of O,. Surfaces were cleaned until
riety of surface reconstructions, including a stahjlé?l the XPS C % peak was below detection limits and NC-AFM

X V31)R+9° reconstructior! These surface reconstructions showed gtomically .smooth, clean t.erraces.' The analysis
can be reversed by annealing in an oxygen backgré%nd.Chamber is also equipped for Asputtering. While sputtered
Although we could routinely produce tk(e“?lx \53_1)Ri9° and annealed surfaces showed a good LEED pattern, they

ructi Il of the data sh i thi f had a higher density of steps with ragged edges and craters
reconstruction, afl ot the data shown In this paper are rom, inin the terraces, which made distinguishing particle struc-
the (1< 1) surface.

> . . ture from step structure difficult in AFM. Therefore, for each
In addition to the AFM work mentioned above, which pq yose reported here by AFM, a new alumina crystal was

showed terraces and steps of the alumina surface, atomic agd sferred into the chamber and prepared as above without
near-atomic resolution of flat, clean oxide surfaces has beeéhy Ar* sputtering.

achieved by NC-AFM®3'That work has shown atomically AFM images were recorded in UHV using the frequency
spaced features, such as surface atoms or unit cells. HoWhodulation (noncontact technique. The silicon AFM tips
ever, relatively little work has been done using NC-AFM t0 from Nanosensors™ are specified to have an end radius be-
observe particles and clusters on #é\l,05(000]) surface.  Jow 10 nm and are part of cantilevers with spring constants
Furthermore, to our knowledge, only one AFM study of Pdof about 42 N/m. The cantilevers have resonant frequencies
clusters on this surface has been publisﬁemithough there in the range of 300-330 kHz and were operated at frequency
is some AFM and transmission electron microscopy work orshifts in the range-100—50 Hz to obtain the images in this
metals on Mg(()lOO).33‘36 Other groups have used STM to paper. Resonant frequency is measured by a beam deflection
study sintering of metal clusters on semiconducting oxidesechnique and although no direct measure of oscillation am-

Downloaded 03 Feb 2005 to 205.175.121.173. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



064712-3 Growth and sintering of Pd clusters on a-Al,04(0001) J. Chem. Phys. 122, 064712 (2005)

plitude was made, we have calculated it to be about 10 nm.
All NC-AFM images were taken at room temperature.

As alumina is a good electrical insulator, local surface
charging can lead to poor image quality in NC-AFM due to
long-range electrostatic forces between the tip and the
sample. Compensation for these forces can be achieved by
applying a bias between the AFM tip and the metal film on
the back of the sample as has been similarly done for other
insulating sampleéz. However, if the surface was highly

charged(>6 V compensating voltage neede@pplying a 20]

bias was less effective, and the images were generally of a 7E-"1.e LA‘L

lower quality. Bias voltage was chosen in the following man- ?E’;-g \

ner. The tip position was held constafmto rastering orz 304 \

feedback and the frequency shithf was monitored as the T 00 \

bias on the tip, relative to the grounded metal film on the 00 02 04 06 08 10 12 14
Distance (um)

back of the sample, was ramped fronl0 to +10 V. The
magnitude ofAf typically had a well-defined minimum with  FiG. 1. 1500¢ 1120 nn? (3.0 nmz rangé NC-AFM image of clean, unre-
respect to the applied bias. This minimum corresponds to theonstructeda-Al,05(000]) surface. Line profile shown in lower panel is
bias which most effectively compensates for the |Ong_rangélong the white line in the upper pa_mel. _The terraces are 250-300 nm wide
. . . . .~ and the steps are 0.4 nm high. Vertiedieight represented by gray scale as
electrostatic forces. This was done at different points during, gicated in the bar at lefisame range as in profitdighter shading repre-
scanning and the bias voltage was set at the value for besénts high regions of the surface and darker shading corresponds to lower
images. However, ramping the bias in this manner somegions. Image has been smoothed using a 2D Gaussian filter with standard
times made the tip unstable or changed the tip structure arftfViation 3.8 nm(Scan conditionsaf=-60 Hz, f,=318 kH2.
so this procedure was avoided if a tip was imaging particu-
larly well. In those cases, the ideal bias voltage for scanningovered surface was annealed at a given temperature for
was determined by changing the bias voltage slowly during~1 min, then allowed to cool to room temperature before
scanning and using the value which gave the best image#naging. TP-LEIS experiments used a heat ramp of 1 K/s.
The optimum bias voltage for good imaging varied widely All LEIS was done using a defocused 500 eV*Hen beam
from day to day with no systematic trend over the range oftt @ He pressure of %107 Torr in the UHV chamber,
voltages available in our microscofge- 10—+10 V), prob- ~ Which gave an ion current to the sample of about @A
ably due to variations in the initial charge on the sample. Thel his led to drastic sample charging which seriously distorted
seven images shown in this paper were taken with bias voltthe LEIS spectrum. The charging was effectively compen-
ages ranging from-3.9 to +9.4 V (~+2 V average and Ssated to yield an excellent LEIS spectrum by using a defo-
~4 V standard deviation cused, 100 eV electron beam operated at a current to give
LEIS and TP-LEIS experiments were done in a separat@ero net current to the sample.
chamber described in detail elsewh&é* which was also
equipped for XPS, temperature-programmed desorption|, RESULTS / DISCUSSION
(TPD) and LEED. For these experiments, the sample wa
mounted in a Ta support attached to Ta wires for resistive%‘ - Clean a-Al,04(0001) surface
heating. The samples were cleaned by" Aputtering (8 The cleaning and preparation procedure described above
X 107 Torr Ar, 670 eV beam energyetween each experi- gives a clean and well-orderéd x 1) surface according to
ment, then annealed at 1000 K irk8.07° Torr of O, for 30  LEED, XPS, LEIS, and TPD. Figure 1 is a NC-AFM image
min. Surface cleanliness was verified by XPS. Sputteringf the clean alumina surface, showing atomically flat terraces
was necessary to remove Pd from the previous experimen50-300 nm wide with step heights of 0.4 nm. Typically,
in this chamber, because the sample holder in this chambeamples prepared in this way have terraces 200—700 nm
did not permit easy sample exchange as in the AFM systenwide, and sharp step edges with heights in multiples of 0.2
This difference in surface preparation may lead to differ-nm. The most common step height we observed by NC-AFM
ences in Pd growth, which we assess below. was double step heigh(6.4 nm), although we also observed
For both NC-AFM and LEIS experiments, Pd was dosed).2 nm and 0.6 nm step heights. These step edges appear
at room temperature from a homemade souescribed straight (within our resolution typically for lengths of
previously®) consisting of Pd wirgAlfa Aesar, 99.997 % >300 nm. Earlier experimental work reported step heights
pure wrapped around a resistively heated W filament. Doseof 0.22 nm(Ref. 24 and 0.2 nm(Refs. 25, 30, and 32as
rates, measured by QCM, werel A/min in the LEIS ex- well as step bunching which produced steps in heights of
periments and~0.4 A/min for the NC-AFM experiments. multiples of 0.2 nnf*?®* The alumina(0001) surface is
Coverages of Pdqcy, were determined from this dose rate, terminated by a layer of Al atoms, i.e., half of the Al atom
and are reported in monolayefldlL). One ML is defined as bilayer. The periodicity of Al bilayers along tH®001] di-
the Pd111) packing density, 1.5 10*> atoms/cri, which at  rection is 0.21 nm, which is one sixth of the unit cell. It has
palladium’s bulk packing density corresponds to a ML thick-been proposed that the step heights measured by AFM reflect
ness of 0.22 nm. For sintering studies by AFM, the Pd-this spacing®*’ The step bunching which produces multiple
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FIG. 2. Dots: The Pd LEIS intensity, extrapolated to 300 K from TP-LEIS 24! 1 005 S
data(see Fig. 3 vs Pd coverage dosed to the oxide surface at 300 K. Since ’ §
the Pd LEIS intensity here is normalized to that of a continuous Pd film, it Sioan oALO 0.00
equals the fraction of the oxide area covered by f3d, Solid line: Result 0 400 — 200 aoo 10.00
expected for layer-by-layer growth of Pd. Dashed line: best fit wh¢?® Temperature (K)

(growth of 3D particles of a fixed shapa=0.45 to the data points in the

coverage range 0-2.0 ML. The inset shows the coverage range 0-1.0 ME|G. 3. (a) TPD (3.3 K/9 after dosing 1.0 ML Pd om-Al ,05(0001). Peaks

expanded in scale. The data show that Pd grows as 2D islands up to\gere seen at 370 and 520 K, attributed to (F/e=2) and CO(m/e=28),

coverage of~0.25 ML, after which it grows as 3D particles. respectively, from H and CO adsorbed on the surface from the chamber
background gagmainly due to outgassing from the electron flood gun used
for charge neutralization during TP-LBELSb) TP-LEIS (1 K/s) of different

layer step heights occur during the air anneal when heateled coverages on-Al,05(0003). When H, and CO desorb from the Ras

above 1300 K42 |t has been reported that shorter or lower Shown in top figurgat 350 and 490 K, the Pd LEIS signal grov[/A.minor
temperature decrease in desorption peak temperature arises from a decrease

t?mperature Ef"r anneals give Sm_a"er terrac_es with mor, heating ratgRef. 51)]. The Pd signal decreases between the two desorp-
single step heights and fewer multiple step heli}ﬂ"mﬂd WE  tion peaks with nearly the same slope as at higher temperature, and suggests
have found this to be true. For crystals which had a shortethat sintering is fast below 400 K and is significant at room temperature.
anneal in the furnace than the others. we saw smaller telD_ashed line shows estimated TP-LEIS signal that would be seen if,no H

. . - . and CO impurity were present.
races, 100-200 nm wide, with the majority of steps with 0.2
nm height. These surfaces also had more uneven step edges. _
Terraces of the clean alumina surface are(flaighness less atomic layer thick up to a coverage of-0.25 ML, after
than peak-to-peak noise of 0.12 prbut no atomic structure Which they thicken and thus continue growing as 3D par-

could be resolved, even though the typical rms average noidéles. o o
was less than 0.030 nm. The dashed line in Fig. 2 represents a simplified 3D

growth model. Here we have fit the data to the functfon
=a #**(a=0.45 in the coverage range 0.09—-2 ML, which
would occur if the particles kept the same 3D shéps.,
, ) hemispheregsand number densityNote that this model is
Ségl)_(iliioonf the growth of Pd particles during Pd vapor physically impossible below 0.09 ML, where it would pre-
dict islands less than one atom thick, i.£5 6) This model
We have monitored the growth of Pd on,®5(0001) by  underestimatef,ybelow 1 ML, and overestimates it above 2
LEIS. Since LEIS is sensitive to only the top layer of the ML, proving that the islands change shape with coverage,
surface, we assume that the intensity of the Pd LEIS peak isvolving from small thickness-to-width ratios to larger. The
proportional to the fraction of the alumina surface coverednset of Fig. 2 shows the coverage range 0-1.0 ML in ex-
by Pd patrticles. In general, this has been a good assumptigganded scale. In the range 0.1-0.25 ML, the LEIS data
for other late transition metals on oxides such as ZnO, MgOpoints are fitted better by the 2D model than the 3D model.
and TiO, whenever the metals cluster into islarfd&®*° The average relative magnitude of the deviatigns., the
Figure 2 shows the fraction of the oxide surface areams relative errorof the data from the model is 75% larger
covered by Pd, as measured by LEIS, vs Pd dgggy. This  for the 3D fit compared to the 2D fit, where the rms error is
fractional coverage of the oxide by Figy is simply the only 19% and indistinguishable from the data scatter. Again,
integrated intensity of the Pd LEIS pe&kackground cor- this indicates that the Pd grows as 2D islafisitomic layer
rected, normalized to that for a large dose that saturates thishick) up to a coverage of0.25 ML. Note that the average
signal(>4 ML). (Here we also have corrected the LEIS sig-island thickness in the 3D model increases between 0.1 and
nals obtained after dosing Pd at 300 K for an artifact due t®.25 ML from 1.0 to only 1.4 atomic layers, so this model is
adsorbed impurity CO and H by extrapolating the TP-LEISphysically very similar to the 2D model in this coverage
signal after that Pd dose back down to 300 K, as describethnge, setting an upper bound on its error relative to that of
below when discussing Fig.)3The behavior of the Pd signal the 2D model.
expected for layer-by-layer growth is represented in this fig-  Cordatos et al, using Auger electron spectroscopy
ure by the solid black line with unit slope up to a Pd dose of(AES), have suggested layer-by-layer growth of Pd on this
1 ML. The measured Pd signal initially follows this curve up surface up to several monolayé?sGillet et al, using sec-
to ~0.25 ML, after which it falls quickly below it. We inter- ondary ion mass spectrometry in static mode, have shown
pret this as indicating that the Pd grows as 2D islaffds 3D clustering of Pd on the stoichiometric alumina surface

Downloaded 03 Feb 2005 to 205.175.121.173. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



064712-5 Growth and sintering of Pd clusters on a-Al,04(0001) J. Chem. Phys. 122, 064712 (2005)

TABLE I. Summary of Pd particle average thickness, diameter, and number density for several Pd coverages
and anneal temperatures. Thickngggs was derived from LEIS data for particle preparation conditions similar

to those of the AFM images presented in this pagee references in third colummverage apparent diameter
measured by AFMaAFM, as well as particle number density from AFM,y, are presented. The apparent Pd
coveragelaryyeis 1S calculated front g, dagm, @nd Nagpy, and the particle diameter estimadg:is/ary iS

made fromfgcy, teis, andNagy, as described in the text.

HQCM Tanneal tLEIS aAFMa NAFMb oAFM/LEISC dLEIS/AFMd
(ML) (K) Figure (nm) (nm) (10Mem) (ML) (nm)
0.4 920 6a) 0.60 7.4+1.7 8.0+0.3 0.94 4.8
0.8 300 4b) 0.42 4.8+1.% 22+10 0.76 49
0.8 680 4c) 0.64 5.8+1.8 18+6 1.4 4.4
0.8 930 @b) 0.92 11.4+£3.2 5.6+1.3 2.4 6.6
0.8 1000 4d) 1.0 7.7+2.8 11+2 2.4 4.5
0.8 930, 6(b) and 4d)f 0.97 9.6+£3.5 8.8+3.3 2.8 5.1
1000

2.0 750 9 1.0 7.8+1.6 19+1 4.2 5.4
2.0 1060 9 1.6 11.6+2.9 5.4+2.8 4.1 8.1

“Diameters of particles measured by line profile of AFM images. Many parfistasfootnoté] were chosen at
random from the image for measurement; average diameter and standard deviation of that set are shown.
Standard deviation represents statistical error not systematic measurement error.

PAverage and standard deviation of number densities from several consecutive AFM images recorded at differ-
ent areas of the same sample.

‘Coverage from AFM/LEIS calculated by assuming circular particles with diameter and number density mea-
sured by AFM and average thickness from LEIS.

YDiameter of particles assuming circular geometry, number density as measured by AFM, and average particle
thickness measured by LEIS.

®These values afi,ry represent averages over 60 particles selected at random from the indicated figures. Other
rows are averages of 30 particles.

fThicknessil_Els, diameterd,ry, and number densiti,gy in this row are averages of previous two rows which

have similar preparation conditiori®.8 ML annealed to~1000 K).

9AFM images for 2.0 ML not shown as figures in this paper.

above~0.4 ML and 2D clusters on the reduced surfite. LEIS peak’s maximum intensity is monitored as the tempera-
Ricci et al.interpreted electron energy loss spectroscopy datture is ramped at fixed ratd K/s). As the Pd particles sinter
as indicating 3D growth on stoichiometric alumina for all Pdinto larger clusters, they cover less of the surface and the
coverages in their study, 0.23-1.8 I\ﬂ?_Panget al, using LEIS Pd peak intensity decreases. Figui®)3shows TP-
NC-AFM, showed 3D clustering of PY. However, they LEIS sintering curves for several Pd coverages. In general,
could not image submonolayer coverages of Pd, so could nahe Pd signal decreases as temperature increases at all start-
predict what the initial growth mode is. Our data show 2Ding coverages.
island growth with the 2D to 3D island transition at The transient increases in the Pd TP-LEIS signal at
~0.25 ML. We note that the report of layer-by-layer growth =350 and 490 K seen in all curves arise from recovery of the
used AES, the least surface-sensitive technique of those iRd signal as Kland CO desorb, as can be seen by compari-
these prior studies, so the fact that it missed these rather thon to the TPD spectra in Fig(&. That is, immediately
islands is understandable. after dosing Pd at 300 K, some of the Pd LEIS intensity is
Our LEIS data directly provide the average Pd thicknessnasked by CO and H impurity adsorbed on the Pd islands
within the Pd islands,gs, given by the ratio of the Pd cov- from the background CO and,Hn the chamber. The Pd
erage divided by the Pd area fraction from LEIS: signal recovers at 350 K and 490 K simultaneous with the
t eis= Ogcm/ fpe Note thatt g5 is the thickness the Pd would  desorption of H and CO, respectively, as observed by TPD.
be if all islands were flat and of the same, uniform thickness(A minor temperature decrease in desorption peak tempera-
At ~1.2 ML Pd dose, for example, the surface is 50% cov-ture arises from a decrease in heating ratéthe observed
ered by Pd(Fig. 2), giving an average patrticle thickness of decrease in Pd TP-LEIS intensity between the CO apd H
2.4 ML, ort g5=0.53 nm. At 4 ML, the islands have grown desorption temperatures, and even at temperatures below the
enough laterally to cover all of the alumina surface. ValuesH, desorption peak, suggests that sintering starts at tempera-
of t g5 are listed in Table | for several Pd coverages andures below 400 K, and that there is significant sintering even
annealing conditiongcorresponding to AFM experiments at room temperature.
described beloyv As noted above, we corrected the LEIS signal in Fig. 2
obtained after each Pd dose at 300 K for its decrease induced
by these adsorbed impuriti€€O and H. To determine what
the LEIS signal would be for the clean, unsintered Pd islands
at room temperature in the absence of this CO and H impu-
We also monitored the sintering of the Pd particles as aity, we used TP-LEIS data like in Fig.(|3), and assumed a
function of temperature using TP-LEIS. In TP-LEIS, the Pdconstant slope of the corrected TP-LEIS signal equal to its

C. TP-LEIS of the sintering of Pd particles upon
heating
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(a)

FIG. 4. 150< 150 nn? (0.6 nmz range NC-AFM im-
ages of(a) the clean alumina surface in an area contain-
ing one step andb)—(d) 0.8 ML Pd in areas between
step edges on the alumina surface. Pd particles shown
(b) as dosed at room temperatuge), after annealing to
680 K, and(d) after annealing to 1000 K. Before imag-
ing (c) and(d), the sample was allowed to cool to room
temperature. Heigtt represented by same gray scale in
each panel. Paired with each image is a line profile
taken along the white line indicated in the image. Some
of the apparent roughness (h) and (d) is due to pix-
elation. Images have pixel sizes @) 0.55 nm,(b) 1.3
nm, (c) 0.75 nm, andd) 1.3 nm; each was smoothed
with a 2D Gaussian filter of standard deviation 0.63 nm.
[Scan conditions:(a) Af=-60 Hz, f,=319 kHz; (b)
Af=-50 Hz, f,=327 kHz; (c) Af=-60Hz, f,
=327 kHz; and(d) Af=-79 Hz,f,=327 kHZ.
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slope in the long linear region jusfter CO desorptior(i.e.,  with time ™ Figure 3b) shows that sintering causes the Pd
from 550 to 750 K. Note that the slope between the Bhd  particles to cover~50% less of the alumina surface when
CO desorption peaks.e., from 380 to 460 Kis very similar  heated from~400 K to ~1000 K, which within these as-
to this slope abov&=530K, confirming this assumption. sumptions implies that they double in average thickness and
This slope was then linearly extrapolated back down to 30@iameter, and decrease by eightfold in number density. The
K, as shown by the dashed line on the top TP-LEIS curve irmssumption of constant volume below 1000 K is justified by
Fig. 3(b). This corrected intensity was then normalized to thethe fact that Pd desorption from nanoparticles supported on a
corrected signal for a saturation ddse., 100% coverage of similar oxide(silica) does not start until above 1000%K.
the oxide. For most of the coverages studied, the Pd clusters
cover~60% less surface area after ramping to 1000 K tharb
they did at 300 K; i.e., the average thickness of the Pd par-"
ticles more than doubles by 1000 K. No further sintering was  Although LEIS techniques have the required surface
observed by TP-LEIS for a Pd film that has already beersensitivity to measure the average Pd island thickness, they
annealed to 1000 Knot shown herge do not provide any information on the dimension of the par-
From 400 K to 1000 K, the Pd LEIS signal decreasedticles in directions parallel to the surface, or their number
linearly with temperature, indicating a constant sintering ratedensity, nucleation sites, nor other local surface information.
(slope of Pd dispersion vs timevhen probed at a constant For this, we used noncontact AFM.
heating rate. If we assume that during TP-LEIS the particles It should be noted that tip convolution effects in AFM
retain a fixed shape of either hemispheres or cylindrical disksan cause the apparent size of clusters to be distorted when
of fixed thickness-to-diameter ratio, and a constant total volthe clusters are comparable in size to or smaller than the
ume of Pd, then the Pd particle diameter is inversely proporAFM tip (~10 nm end radius The lateral dimensions of the
tional to the Pd LEIS signal, and the number density of parparticles are convoluted with the size and shape of the AFM
ticles is proportional to the Pd LEIS signal cubed. Pdprobe tip. Long-range van der Waals forces between the tip
dispersion(the product of particle area times number den-and the substrate lead to an underestimation of the particle
sity) is proportional to LEIS signal and decreases linearlyheight for particles that are small relative to the size of the

NC-AFM of Pd growth and sintering
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AFM end radius, as will be discussed further in a future 05f —
paper'?3 Inaccuracy in height measurements by AFM has 04} 222&
been reported previousfy:>**>Hence in AFM images, Pd 20} Al — 1000 K
nanoparticles appear artificially wide and shdrt. §02 I ‘ 7

The growth and sintering of Pd particles was observed a i; 4
with AFM by imaging the clean alumina surface, and then “Ir g l; | |, N
imaging the surface after vapor deposition of Pd at room 0.0 et ' e g =
temperature and after several annealing treatments. Figure 4 Particle diameter (nm)

shows a representative series of NC-AFM imagesapthe ] ) )
clean alumina strfaceb) ater dosing 0.8 ML of Pd at room [1°.% HSieren o sphetert P parie Semetn o 0.6 L 6 oo
temperature, and after annealing(® 680 K and(d) 1000 K (solid bars. These data were compiled from the images shown in Figs.
K. Line profiles are shown for each image along the white4(b)-4(d), respectively. The three data sets were taken on consecutive days
lines shown. Each panel in Fig. 4 shows a 150 nmusin_g ‘the same Si AFM tip on the same sample. The mean an_d standard
x 150 nm area taken from a larger image. We note that thél(_ewatlon of each sefsee _Table)l were used to calculate_‘ the position and
idth of the three Gaussian curves shown as dashed lines.
images in panels (b)-4(d) were taken using the same
sample surfacé.e., the same Pd dosand the same Si AFM
tip. This set allows for a more reliable comparison of particletemperature, Fig. 5 shows a histogram of the particle diam-
size changes than one in which several AFM tips were usedgters from Fig. 4)—4(d), compiled by selecting 60 particles
although tip changes may have occurred between images that random from these figures and measuring their diameters
would distort relative comparison of particle sizes. Pgapl as described above. Also shown are Gaussian functions rep-
shows the clean alumina surface near a step edge which igsenting the mean and standard deviation of each set. The
0.4 nm high. After Pd deposition at room temperatimewe  distribution of particle sizes widens and shifts to larger di-
observe Pd particles 4.8+1.1 nm in diameteaseline width ~ameters with increasing temperature.
average of 60 particles- one standard deviatipnand It is likely that some of the smallest particles were
2.8+0.10 nm talllmaximum height of a hand-drawn curve missed in the cluster counting. By NC-AFM, we have ob-
through the middle of the noikewith a cluster density of served clusters down te-2.5 nm in apparent diameter, but
2.2Xx 10" clusters/cri (obtained by averaging the cluster not smaller. At lower temperatures or lower Pd coverages,
densities counted from multiple scans of different areas othere are a higher fraction of small particles on the surface
the samplg Particle diameters reported in this paper wereand so our estimates represent a lower limit of number den-
obtained from AFM line profiles through the centers of thesity in those cases.
particles, where the width is measured just high enough on For coverages below 0.8 ML, it was difficult to image Pd
the particle so as to be clearly discernible from the noise oms dosed at room temperature. Usually, annealing to higher
the flat substrate(For asymmetric particles, this was mea- temperatures was required before clusters on the surface
sured across the narrowest directjon. could be seen by NC-AFM. There may be several explana-
Previous measurements of Pd island density for Pd detions for this. Possibly, the Pd clusters are so mobile on the
posited on a room temperature highly ordereg@l thin surface that they are pushed away by the AFM tip or blurred
film grown on NiAl(110 have found number densities of out by rapid atomic motion, or the Pd may be in the form of
~3x 10" cm™ for 0.8 ML Pd coverage by spot profile 2D islands with an apparent height less than the noise of the
analysis SPA-LEEJSPA—spot profile analysiéRef. 12]  scan. The few images of unannealed Pd at 300 K that re-
and ~1x 10 cm? for 1.5 ML Pd by STM>’ The same solved cluster§e.qg., Fig. 4b)] were taken quite a long time
STM study stated that the particle volume was about 300@fter deposition(>1 h), during which sintering even at 300
atoms, which corresponds to a diameter of about 2.8 nm folK or background CO adsorption may have had an effect.
a hemispherical partici¥l. Clearly, the number densities are (TP-LEIS showed that sintering starts below 400 K
higher ona-Al,05(0001), suggesting stronger adsorption or Figure 6 shows representative images collected over
more defect sites. smaller areas and therefore with shorter pixel len@t25
After annealing to 680 K, the clusters have sintered andgnd 0.44 nm, respectively, compared to 1.3 nm in Figls) 4
are larger, apparently 5.8+1.8 nm wide, while the clusterand 4d)] of two different Pd coverages, 0.4 and 0.8 ML,
density has decreased to X80 cm™2. Annealing to 1000 both annealed te-925 K. The particle densities for the two
K, the trend continues: clusters are now apparentlycoverages are similar, 72510 cm™ and 5.6x 10 cm™?,
7.7+2.8 nm wide, while the cluster density decreased taespectively, but the higher Pd coverage surface has larger
1.1x 10" cm?, half the cluster density of the unannealedclusters: apparently 11.4+3.2 nm in diameter compared to
surface. The magnitude of decrease in number density is naipparently 7.4+1.7 nm in diameter for the lower Pd cover-
as dramatic as seen with TP-LEIS, probably due to the facage surface. B
that AFM misses the smallest particles present at room tem- Table | summarizes the average apparent diamejgfs
perature. Larger, fewer clusters at higher anneal temperaturesd number densitieSlygy of the Pd particles from these
suggest particle sintering, either by Ostwald ripening,AFM images. Each number density is an average of several
wherein larger clusters grow at the expense of small ones, @onsecutive images at different areas on the same surface.
particle diffusion and coalescentk. For a constant coverage, it is observed that particle diameter
To illustrate the evolution of the particles with annealing increases and number density decreases with increasing an-
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FIG. 6. 100x 100 nn? (0.8 nmz range NC-AFM im-
ages of(a) 0.4 ML and(b) 0.8 ML of Pd, dosed at 300

K and annealed briefly to 920 and 930 K, respectively.
Line profiles along the white lines are shown below
each image. The islands on the higher coverage surface
are larger than those of the lower coverage, while the
total particle density is similar at these two coverages,
7.5x 10" cm 2 in (a) and 5.6x 10 cm 2 in (b). Im-
ages have pixel sizes ¢f) 0.25 nm andb) 0.44 nm;
each was smoothed with a 2D Gaussian filter of stan-
dard deviation 0.37 nm[Scan conditionsia) Af=

£06 £06 & -87 Hz, f,=307kHz and (b) Af=-84Hz, f
<04 A— Soa A PNEVA =305 kHz].0 °
Eola A N AN - AV AW A
?'o.o/ NWAVAWNYAY fo.o A4 NS \—£
0 20 0 60 80 0 20 40 60 80
Distance (nm) Distance (nm)

neal temperature. Comparing different coverages for thand the TP-LEIS estimate that the average particle diameter
same anneal temperature 715 K, ~925 K, and~1030 K; increases twofold from 400 to 1000 Kor all coverages

all =35 K) shows an increase in particle diameter and destudied, we estimate thatd ggapm Should really be
crease in number density with increasing coverage. ~2.5 nm at 300—400 K for 0.8 ML Pd.

Using the AFM data in Table | together with the LEIS Because the alumina surfaces were sputtered and an-
measurements of average particle thickness discussed earlingaled before all LEIS and TP-LEIS experiments discussed
we can draw a number of conclusions about the systematicere, whereas new, unsputtered samples were used for all the
errors in measuring particle sizes with NC-AFM, and deter-AFM experiments discussed here, there may be some differ-
mine better estimates of the true particle dimensions. Fromnences in the behavior of the Pd film on the two surfaces. One
fpe given by the LEIS and TP-LEIS experiments for any effect of sputtering may be more nucleation sites for the Pd
given Pd coverage and anneal temperature, we can calculatisters, which would result in higher cluster densities in the
the average Pd thickness within the Pd islahgdg as de-  TP-LEIS experiments than in the AFM experiments. This, in
scribed abovet, g;s= Ogcm/ fre The values of gs are given  turn, may mean that 3D growth starts at higher Pd coverages
in Table I. Even though, g5 represents the Pd thickness on the sputtered surface. The 2D to 3D growth transition,
averaged over the Pd particle areas, it is consistently nearlghown in Fig. 2 to occur at 0.25 ML of Pd, may happen at a
twice the maximum height seen by AFM line profif@sThis lower coverage on the unsputtered surfaces of the AFM ex-
large decrease in apparent thickness is consistent with thgeriments and clusters on these surfaces would be, on aver-
difficulty of seeing 2D Pd islands with AFM. age, larger than predicted by LEIS.

_Using t g5 together with the average particle diameter  To test the effect of this sputtering used in preparing the
daem and cluster densitiNagy measured by AFM, we can LEIS surfaces, we measured the ratio of the areas of the
calculate an apparent Pd coverage, assuming the particl®s(3d;/,) peak to the Al2p) peak in XPS for nine coverages
have a circular footprint of diametel,ry. These coverages between 0.1 and 1.0 ML of Pd at 300 K for surfaces prepared
are listed a9,rweis In Table |. They are consistently larger in both ways. In this coverage range, this XPS ratio in-
than the true coveragéocy, Which is consistent with the creased linearly with Pd coverage on both types of surfaces.
footprint of the particles as seen by AFM being somewhafThe value of this XPS ratio divided by the Pd coverage was
larger than reality, due to the tip convolution effects men-3.6% larger, on average, for surfaces prepared using sputter-
tioned above. ing. This difference is so small that it suggests that the dif-

Using the AFM cluster densitiNary, and assuming the ferences in particles size and number density were probably
Pd islands have a circular footprint and have an areanot very significant. Assuming hemispherical particles and
averaged thickness equal tig,s, we can calculate the aver- the AFM result for the number density of particles of 2
age cluster diameted, g;sarm, required to reproduce the X 10 cmi? for the unsputtered samples, this Pd XPS signal
known Pd coveragéscy. These values, listed in Table I, are difference would correspond to an average particle radius
uniformly smaller than the apparent AFM diameters, due tahat was between 9% and 20% smaller on the sputtered sur-
tip convolution. Assuming that AFM sees all the particles,face in this coverage range, and a number density of particles
this calculation ofd, g;5aem IS @ much more accurate esti- that was between 37% and 100% higher on the sputtered
mate of particle size than AFM-measured particle diametersurfaces. We made this estimate using the analytical formula
because it has been calculated using number density frofior XPS (or AES) signals from hemispherical particles de-
AFM and average island thickness from LEIS, thus avoidingrived by Dieboldet al.,’® and assuming a mean free path of
tip convolution artifacts. However, not all the particles arel.7 nm for the Pd photoelectrons at 913.4 eV kinetic energy
seen when not annealed, causithgs,apv t0 be overesti- and 2.2 nm for the Al photoelectrons at 1178.9 eV, based on
mated at 300 Ksee Table)l Trustingd, gis/arm at 1000 K, values tabulated by Tanune al>®
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IV. CONCLUSION
The combination of LEIS with NC-AFM provides a
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